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The role of volatile solute elements in directed melt
oxidation of aluminium alloys
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Surface oxide microstructures have been examined on composites prepared by directed
melt oxidation of Al-Mg-based alloys. Evidence has been found that the pick-up of oxygen
occurs by vapour-phase oxidation of magnesium to magnesium oxide, which is
subsequently reduced to form alumina in a cyclic process. It is shown that other volatile
elements, such as lithium, sodium and zinc result in the formation of solute-rich oxides
whose stability may also be brought about by vapour enrichment. In all the above cases it
was found that alumina matrix composites form beneath the surface (though the magnitude
is small in the case of sodium). A comparison is made of the different types of oxidation
behaviour among various systems that contain volatile solutes, i.e. Al-Mg, Al-Zn, Al-Li and

Al-Na.

1. Introduction
The process of directed metal oxidation (DIMOX),
that is now reported extensively in the open literature
(see, for example, [1-9]), has been studied primarily
on aluminium alloys that contain magnesium. These
include Al-Mg, Al-Mg-Si, Al-Zn-Mg-Si and com-
mercial aluminium alloys that contain, in addition to
magnesium, other elements such as iron and copper.
Microstructural characterization of the near-surface
region has established that magnesium-containing
oxides dominate the oxidation behaviour during incu-
bation and growth. In the alloys that have been used,
the thermodynamically stable oxide in equilibrium
with the melt is spinel, MgAl,O, (while this con-
clusion can, strictly speaking, only be reached for
Al-Mg and Al-Mg-Si, it is unlikely that the other
elements would, in the amounts that are usually pres-
ent, bring about a significant change in the phase
stability). It has, however, been argued that MgO is
metastable when in direct contact with the melt and
that this microstructure can sustain the growth of
alumina by a two-step process (Fig. 1) wherein dis-
solution of the MgO at the MgO/alloy interface con-
tributes oxygen for the formation of alumina, while
the magnesium that is released is transported through
the MgO layer to the outer interface with the atmo-
sphere, either by ionic transport or through the va-
pour phase [8,9]. Thus, alumina is formed subsurface
at the liquid—Al, O, interface, thereby leading to the
growth of monocrystalline columns with [000 1]
close to the surface normal. Periodically, spinel forms
at this MgO/Al interface, owing to fluctuations in the
magnesium concentration in the melt [9] and this
spinel can itself undergo kinetic de-mixing [3] so that
the MgO on the surface is always present (Fig. 1).
Some of the issues that continue to remain unclear
include the following. (i) Is MgO continuously formed
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by diffusion of cations or by a vapour-phase mecha-
nism? (ii) Is the growth of Al,O; determined by diffu-
sional transport of charged species across this layer of
MgO? (iii) Are there other elements which can substi-
tute for magnesium in promoting the oxidative growth
of alumina?

For example, in relation to (iii), it has been asserted
[6] that Al-Zn alloys will oxidize only when at least
trace amounts of magnesium are present to create
a surface layer of MgO, while Al-10Si-3Zn—0.2Mg
alloys have been shown to grow with ZnO on the
surface [7] but it is once again assumed that it is
diffusive transport of charged species across ZnO that
determines the growth of alumina.

In order to address some of thése issues, the micro-
structure at the surface of composites’ grown from
Al-Mg-Si alloys was examined carefully by TEM.
Based on indications that vapour-phase oxidation
may be taking place, it was decided to attempt oxida-
tion on other binary systems using solute elements,
sodium, lithium and zinc, with high vapour pressures.
As will be seen later, all of these alloy systems display
growth of alumina/alloy composite. The likely mecha-
nisms that promote growth are discussed in terms
of the relevant phase equilibria and solute vapour
pressure.

2. Experimental procedure

Al-Mg-Si alloys, previously prepared and oxidized
to form composites (see [3]), were coated with
chromium, sectioned and made into. TEM specimens.
The intention of the evaporated chromium was to
define the surface unambiguously in the TEM.
Samples were extracted from the furnace at the pro-
cess temperature to minimize microstructural changes
during cooling. :
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Figure | Schematic illustration of surface layers indicating the de-
composition of MgO or MgAl1,0, at the interface with the alloy.
From Salas et al. [9].

Binary Al-Na, Al-Li, and Al-Zn alloys were pre-
pared by melting pure elements in a resistively heated
furnace and were cast into moulds. Nominal and ac-
tual compositions are given in Table I. All alloys were
ground on 600 grit SiC and degreased in ethanol
before the experiment.

Oxidation experiments on Al-Na/Li/Zn were car-
ried out at 1050 °C in alumina tubes, the bottom ends
of which were covered with an alumina disc and
bonded with refractory alumina cement. No reaction
could be observed between the alloy and the cement
after the experiment. Heating rates of ~40°Cmin !
were employed in an air furnace equipped with molyb-
denum disilicide heating elements. After various soak
times, the samples were cooled and characterized by
optical microscopy, SEM and X-ray diffraction
(XRD). TEM was carried out in a Jeol 2000 FX
equipped with a Tracor-Northern EDS System. Some
runs were carried out in a thermogravimetric analyser
(TGA) in order to obtain an idea of growth kinetics.

3. Results

3.1. AI-Mg-Si

Earlier observations [3] have suggested the existence
of sequential layers of MgO, MgAl,O, and alumi-
nium as shown schematically in Fig. 1. In the present
experiments, two additional types of microstructure
were found. The image in Fig. 2a comes from a near-
surface region showing alternating twins T, and T, of
MgQO with adjoining aluminium channels that are
perpendicular to the surface. The identification of the
phases was carried out by microdiffraction and X-ray
analysis. A lattice resolution image of the interface
between aluminium and MgO is shown in Fig. 2¢. The
beam direction is along [110] MgO and the spacing
of spots in the 30 nm interfacial region corresponds to
the spacing expected in a [110] structure image of
MgAl,0O,. Thus, a combination of lattice imaging and
selected-area diffraction indicates that MgAl,O, has
formed as an epitaxial layer on the MgO. Notice that
the lattice planes in the spinel are reflected about the
arrowed direction which corresponds to the projec-
tion of {11 1}. Thus, the same twins that are seen in
the MgO of Fig. 2b are reproduced in the spinel,
suggesting that the latter evolved out of an interfacial
reaction between the melt and the MgO. (Both oxides
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TABLE I Composition (at %) of alloys used for oxidation

Nominal Actual
Zn 2.1 2.1
Na 3.5 3.2
Li - 5.5

have an fc ¢ arrangement of anions and the epitaxial
relationship is therefore expected in such a reaction).
An example of the second and more common observa-
tion is illustrated in Fig. 3. The region marked A in
Fig. 3a is a mixture of alloy and MgO with some
spinel. This distribution of phases that was confirmed
by diffraction (Fig. 3b) is seen entirely within the
alumina grain which is well known to be monocrystal-
line over tens or hundreds of micrometres. Thus, the
MgO is at one point in time interspersed in the alloy
channel as fine particles and subsequently appeats to
react to form alumina.

Such observations may also be made on cross-
sections in the SEM as illustrated by the image and
X-ray maps in Fig. 4 which show magnesium-rich
surfaces on top of Al,O;—Al composite. The dark
portions in region X of the image correspond to
metal, while the “grains” distributed within are
MgO/MgAl,O,. Many such regions display such
a microstructure which may now be interpreted as
Al + MgO/MgAl,O, in the light of the crystallo-
graphic and microchemical data obtained in the TEM.

Given the presence of aluminium within the MgQO,
the proximity of the metal to the surface may be
studied by Auger spectroscopy (Charles Evans &
Assoc. Redwood City, CA, USA) as shown in Fig. 5.
A typical spectrum on the as-received surface is shown
in Fig. 5a while Fig. 5b displays the peak—peak height
variation after sputtering a 300 x 300 um arca with
4KeV N7 ions for various times. (The sputtering
rates were calibrated with a SiO, thin film.) Quantifi-
cation of data to yield compositions proved unreliable
owing to the rough surface. The surface aluminium
signal might arise from either MgAl,O, or alloy, but
the presence of silicon, which is only found in elemen-
tal form, strongly suggests the presence of alloy within
2 nm of the free surface. Notice also that the rise in the
aluminium signal after 11 min and 300 nm sputtering,
coincides with a drop in the oxygen signal, suggesting
the presence of unoxidized aluminium within this
layer.

3.2. Al-Na, Al-Li, Al-Zn

Fig. 6 displays the weight gain for different alloys at
the given temperatures and oxidation times. Alumina
matrix composites were found to grow on all three
alloys but the weight gained by Al-Na corresponded
to the growth of only a few hundred micrometres after
which the rate of oxidation became negligible. The
rapid initial rate of oxidation, the subsequent drop
and the development of oscillations in the growth of
composite from Al-Li, are similar to the behaviour of
binary Al-Mg alloys [9].



X-ray diffraction and chemical analysis by flame
photometry of scrapings from the surface enable the
principal phases on the surface to be identified as
tabulated in Table I1. The presence of zinc and sodium
on the surface was also confirmed by SEM/EDS.
Theoretical weight fractions of sodium and lithium in
selected mixed oxides are also given for comparison in
Table I1.

4. Discussion

4.1. Al-Mg

The microstructures at the surface of composites made
from Al-Mg-Si strongly suggest that (a) alloy phases,

(b)

fine-grained MgO and MgAl,O, can be intermingled,
and that (b) MgAl,O, can form as an interfacial reac-
tion product between aluminium and MgO. These
observations support the conclusion that MgO is ini-
tially in metastable equilibrium with the alloy and
subsequently reacts by an exchange mechanism to
form Al,O; via the intermediate phase MgAlL,O,. Itis
known [1,5] that the channels in the composite that
feed alloy from the reservoir to the surface contain low
amounts of magnesium, typically 0.2-0.5% which
represents the composition near the corner of the
three-phase equilibrium (Al, Mg) + MgAl,O, + Al,O3.
Calculations of phase equilibria show that for MgO to
be in equilibriam with the alloy, one requires at least
8% Mg [3] at 1100°C. Thus, the most plausible ex-
planation for the formation of MgO is by periodic
vapour-phase enhancement of the concentration of
magnesium at the melt—air interface.

Figure 2 (a) Dark-field micrograph using a twin reflection of the
near-surface region showing twinned MgO (T,, T,) and alloy chan-
nels (A1) running normal to the surface. The inset shows a selected-
area diffraction pattern along [110] with the (111) twin plane
arrowed. Two g-vectors of the type 111 and 200 that are twin
related are indicated by 1,2. They are also found in positions that
are reflected across the normal to the twin plane. (b) Lattice image
of the interface between alloy and MgO in (a) showing the presence
of about 200 nm thick spinel layer. Note the twin interface in the
spinel (arrowed), similar to that in MgO in (a). The beam direction is
[110] of both MgO as well as of the spinel but the MgO structure is
not resolved.

Spinel

4 nm
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The above argument may also be extended to
Al-Zn alloys for which it is readily shown from free
energy data that ZnO cannot be in stable equilibrium
with the melt unless the mole fraction of zinc reaches
close to unity. For Al-Li and Al-Na alloys, the surface
oxides that are experimentally seen on the growing
Al,O3-Al composite are LiAlO, and NaAlO,. As
shown in Appendix 1, the high free-energy of forma-
tion of LiA1O, [10, 11] from Li,O and Al,O; ensures
its stability over the greater part of the phase diagram.

(a)

In the case of Al-Na, immiscibility in the liquid phase
[12] leads to the stabilization of various mixed oxides
in preference to Al,O5 and while there is no evidence
to prefer NaAlQ,, its presence is not inconsistent with
possible phase equilibria (Fig. 7). Thus, though the
evidence is compatible with vapour-phase enrichment
of sodium and lithium, it is not as compelling as in the
case of magnesium and zinc. The alternative mecha-
nism of oxygen intake by diffusion of cation vacancies
through MgO may well also operate but, as shown in

2 um

Figure 3 (a) Dark-field image of the surface region using an alumina reflection of a composite from Al-Mg—Si showing a fine microstructure
(arrowed) interspersed in alumina “grains” (A). (b) Selected-area diffraction from (a). Because MgO and MgAl,O,4 are fcc with lattice
parameters of ~0.42 and 0.81 nm, respectively, many of the low-index diffraction rings overlap. The existence of both polycrystalline MgO
and MgAl,0, may be established by the three-arrowed rings which correspond to 440 (spinel), 220 (MgO) and 33 3/51 1 (spinel). The Al and
Al,Oj; are single crystalline over the dimensions of the selected-area aperture and yield spot patterns.
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Appendix 2, it is unlikely to be able to generate the
flux necessary to sustain the experimental growth
rates.

A final observation may be made with regard to the
differences in the rates of growth of composites from
these four binary alloys. While all of them show
a tendency to decelerate with increasing composite
thickness [4,13], Al-Na alloys cease to grow after
barely 200 um of composite. A related observation has
been made on aluminium seeded with NaOH before
oxidation [14]. The abrupt termination of growth was
ascribed to significant loss of sodium by vaporization.
An alternative explanation in the present case may lie
in the fact that it may not be possible to maintain
equilibrium between Al-Na and Al,Oj in the presence
of any reasonable amount of sodium owing to the high
activity of sodium (given the reported immiscibility in
the liquid at lower temperatures).

5. Conclusion
There is strong evidence to suggest that the mecha-
nism by which oxygen is absorbed during oxidative

Figure 4 (a) Secondary electron image and (b—e) X-ray maps of the surface of a composite, showing the same field of view. Notice the large

expanse at the top left (X) showing “particles” in a matrix. The dark contrast is characteristic of metal while the bright regions are '
magnesium-containing oxide. The chromium layer is shown dashed in (a), and as seen in the chromium X-ray map in (b~¢), serves to define the -
positions of other elements with respect to the surface. (b) Al (¢) Mg, (d) Si, (e) Cr.
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Figure 4 (Continued)
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Figure 5 {(a) Auger spectrum of as-received surface indicating the

presence of aluminium, magnesium, silicon and oxygen. (b) Depth

profile for various elements after N* sputtering at 25 nmmin™".

(---) A12, (—) Mg2, (=) O 1, (—-—) $12, () C1.

growth of Al,O3;-Al composites from Al-Mg and
Al-Zn based alloys is through vapour-phase oxida-
tion of the solute species. Growth of the bulk
Al,O5~Al composite would then proceed by cyclic
dissolution of this oxide (ZnO, MgO) into the melt to
form Al,O; by an exchange reaction. This sequence of
events can also lead to the observed epitaxial colum-
nar growth of Al,O5 but does not require diffusion of
species (whether electronic or ionic) across the surface
oxide. It does, however, imply periodic microrupture
of the surface film to allow vaporization of solute.
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Figure 6 Weight gain versus time for (a) Al-Zn (1050 °C), (b) Al-Na
(1100°C) and (c) Al-Li (1100 °C) alloys. (a) (@) Al-5Zn-0.3Mg, (CJ)
Al-5Zn. Notice that the slope in (¢) periodically fluctuates after
0.3 h, indicating an oscillatory rate of weight gain.

Acknowledgement

Funding for this work was provided to the Indian
Institute of Science by the Aeronautical R and
D Board and by the Department of Science and



TABLE Il Characterization of surface oxide

EDS XRD Wet chemical  Solute in
analysis selected oxides
(wt % solute)  (wt %)
Al-Li Al v-LiAIO, 105 10.6 (LiAlO,)
Al-Zn Zn ZnO - -
Al-Na  Na, Al * 25.3 28.0 (NaAlO,)

? Quantity insufficient for XRD.

Technology, Government of India. A part of the work
was carried out with support from the Advanced Re-
search Project Agency, USA at the University of Cali-
fornia, Santa Barbara (UCSB). The author would like
to acknowledge useful discussions with O. Salas, C. G.
Levi and K. C. Vlach of UCSB and the experimental
assistance of M. Hanabe, J. Michael and Rajan Ambat.

Appendix 1
To determine the compositions of the alloys in simul-
taneous equilibrium with Al,O; and a mixed oxide,
one can write

M(Na, Li) + (n + 3)3A1,04
= 1[M,0-nAl,O;] + Al (A1)
G® = 3[GP(M,0-nAlLO; — (n + 5GP (Al,03)] (A2)
In addition, for the reaction
M,0 + nAlL,O; — M,0-nAlL,O;  (A3)
G, = GY(M,0-nAlLO;) — GX(M,0) — nG2(ALLO3)

(A4)
Therefore
G° = 1[G, + G2(M,0) — 3G (A1,03)] (A5)
At equilibrium
— RTIn(aiP/ay) = G° (A6)
At 1300 K
GP(Li,0) = —426kJmol ! (A7)

For solute-rich mixed oxide to be more thermodyn-
amically stable than a-Al, O3, we require

G° < — RTIn(ax®/aw) (A8)
For Al-5% Li, by a similar analysis, one obtains
G, < —564kJmol !

From Kubaschewski [10], G.(Li,Al,O4) may be ob-
tained by extrapolation to be ~ 135 kJmol™?, thus
indicating that the mixed oxide is substantially
favoured. The values of free energy used here give
a composition of 0.5%Li in simultaneous equilibrium
with Li,Al,O, and Al,O,, which is consistent with
recently published calculations [15] where 0.13% Li
was found to be in equilibrium with both oxides at
1000 K.

ALO,

Al Li
0.50 99.2

(a) % Li

Mg

Al
0.45 7.97
{c) % Mg

Figure 7 Ternary isothermal sections illustrating equilibria be-
tween oxides and liquid alloy for Al-Li, Al-Na and Al-Mg. For
Al-Na the phase fields are schematically shown based on Jacob et
al. [12]. Solubilities in the liquid, denoted by the ranges |, are, in
practice, close to zero, owing to immiscibility. Two-phase regions in
Al-Li-O are indicated by light lines. In Al-Na-O, “3” indicates
three-phase fields, while others are two-phase fields. (a) 1300 K,
(b) 1173 K, (c¢) 1373 K.

Appendix 2

There is another argument that sugggests that the
diffusion of ionic species, such as magnesium va-
cancies, are unlikely to be rate-controlling. A typical
growth rate for Al-Mg-Si alloys at 1100°C is
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~107%cms~ . This requires a flux of oxygen
jons/magnesium ions of ~ 10™® molem s~

Thus, DC/X ~ 107°, where C is a concentration
difference and x is a diffusion length.

A typical lattice diffusivity for Mg?* in MgO is
— 1072 cm?s™! at 1100°C [16]. Note that it has
been reported that, unlike oxygen ions, cations are
not more mobile along grain boundaries. Thus,
C/X = 10° molem™*.

Even if the oxide thickness was only 10 nm, there
must exist a concentration difference, C, of about
1 molem 3. This is manifestly unreasonable, given
that the molar density of Mg?* in MgO is only
~ 0.1 cm 3. Thus, the requirement of rapid diffusion
is probably met by pores, whereupon the pertinent
parameter is the gas-phase diffusivity of magnesium.
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